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ABSTRACT

Weused population genetic analyses to investigate the genetic structure of the

Hawaiian spinner dolphin {Stenella longirostris). Genetic samples were collected from

spinner dolphins at locations across the Hawaiian Archipelago: Kure Atoll (n=34),

Midway Atoll (n=57), Pearl & Hermes Reef (n=21), French Frigate Shoals (n=I5),

Ni'ihau (n=39), O'ahu (n=47), Maui/Lanai (n=60), and the Big Island of Hawai'i

(n=77). A 429-base-pair region of the mitochondrial DNAcontrol region was used to

evaluate genetic diversity and population structure. Peaks in genetic diversity were

found at the Big Island of Hawai'i (71=0.0082) and French Frigate Shoals (71=0.0072),

and genetic diversity was reduced at the three most northwestern Hawaiian atolls (Kure

Atoll 71=0.0025, Midway Atoll 7t=0.0019, and Pearl & Hermes Reef 7:=O.OOI7). Analysis

of Molecular Variance (AMOVA) and exact tests of population subdivision indicated

significant genetic structure for the spinner dolphin within Hawai'i. With few exceptions,

dolphins at every island were found to be significantly genetically differentiated from

dolphins at every other island for one or more tests of population subdivision (F^^ or O^^

> 0.02, p < 0.05). Exceptions included dolphins at Kure Atoll, Midway Atoll, and Pearl

& Hermes Reef, which together seemed to form one interbreeding group, distinct from

the rest of the Archipelago. Dolphins at O'ahu were also an exception in that they were

not differentiated significantly from dolphins at Kure Atoll, Midway Atoll, or Pearl &
Hermes Reef

INTRODUCTION

The Hawaiian spinner dolphin is a geographically isolated subgroup within

Stenella longirostris, a species of small cetaceans found in tropical locations worldwide

(Perrin, 1998). Hawaiian spinner dolphins are genetically distinct from spinner dolphins

in the eastern tropical Pacific (Galver, 2000), but no genetic data are available comparing

spinner dolphins from Hawai'i with spinner dolphins at nearby Pacific islands. In
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Hawai'i, spinner dolphins are found near islands and atolls, where they use calm,

shallow bays and lagoons throughout most of the daylight hours (Norris et al., 1994;

Karczmarski et al, 2005). Although they occur off all of the Main Hawaiian Islands,

they seem to be associated with only four of the Northwestern Hawaiian Islands: Kure

Atoll, Midway Atoll, Pearl & Hernies Reef, and French Frigate Shoals (Karczmarski et

al., 2005) (Fig. 1). Sightings in offshore waters are not frequent, although some groups

of spinner dolphins have been seen in the channels between islands and other offshore

waters in the Main Hawaiian Islands (Mobley et al., 2000). There is little information

on offshore distribution in the northwestern Hawaiian region (Barlow et al., 2004), and

details on offshore movements at night for any location in the Hawaiian Archipelago

remain meager.
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Figure 1. Map of the Hawaiian Archipelago. Circles indicate islands and atolls where spinner dolphins are

regularly sighted.

Little is known about the amount of movement of the Hawaiian spinner dolphins

between islands. Because spinner dolphins have a capacity for high mobility, relatively

high rates of movement throughout the Archipelago might be predicted. A recent study

in far northwestern Hawai'i documented movement between Midway and Kure Atolls

(Karczmarski et al., 2005) and, seemingly to a inuch lesser degree, between Pearl &
Hermes Reef and Midway (and possibly between Pearl & Hermes Reef and Kure)

(L. Karczmarski and S.H. Rickards, unpublished data). However, the overall pattern

suggests that such movements are relatively infrequent, and groups show generally high

geographic fidelity to their specific atoll (Karczmarski et al., 2005).

These distribution and movement data provide limited information to predict

population structure of the spinner dolphin throughout the Archipelago. The fact that

some spinner dolphin groups are found in the channels between the Main Hawaiian
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Islands (Mobley et al., 2000) may suggest that the spinner dolphins in the Main Hawaiian

Islands form one genetically homogeneous group, with considerable interbreeding

between islands. Although the observed movements between Midway Atoll, Kure

Atoll, and Pearl & Hermes Reef were infrequent, we would expect that these amounts of

movement, if associated with successful interbreeding, would still be sufficient to result

in genetic homogeneity among these three atolls. The large geographic distance between

the Main Hawaiian Islands and French Frigate Shoals, and between French Frigate Shoals

and the three atolls at the far-western end of the Archipelago, might limit movement and

interbreeding of individuals between these locations.

To gain insight into population structure, we conducted a population genetics

study using tissue samples collected from free-ranging spinner dolphins throughout the

Hawaiian Archipelago. Wereport on preliminary analyses using the mitochondrial DNA
(mtDNA) control region. Because population genetic techniques can provide valuable

information for the determination of stock structure and vulnerability under the Marine

MammalProtection Act (Dizon et al., 1992; Wadeand Angliss, 1997; Dizon et al.,

1997), these data will have direct application to the management of the Hawaiian spinner

dolphin.

METHODS

Tissue samples were collected from spinner dolphins throughout the Hawaiian

Archipelago. Three sampling techniques were used: biopsy with a Paxanns air rifle

(Kriitzen et al., 2002), biopsy with a Hawaiian sling (in which elastic propels a pole with

attached biopsy tip), and a skin-swabbing technique (Harlin et al., 1999). Biopsy with a

Hawaiian sling and skin swabbing involved sampling of animals riding the bow wake of

a small boat, and biopsy with an air rifle involved sampling of animals between 5 and 20

meters from a boat. Skin-swab samples consisted of flakes of sloughed skin, and biopsy

samples consisted of cylindrical plugs of skin and blubber about 5 mmin diameter and

about 5 mmlong. In addition, some extracted genomic DNAsamples were provided by

the National Marine Fisheries Service, Southwest Fisheries Science Center (SWFSC),

including accession numbers 7185-7202, 15510, 17432, 30411-30420, 30449, 30512-

30516. Numbers of samples from each location included in this study, and years samples

were collected, are listed in Table 1

.

Genomic DNAwas extracted from tissue samples using Qiagen DNEasy
extraction kits. For each sample, a polymerase chain reaction (PCR) was carried out to

amplify a 489-base-pair fragment of the 5' end of the mtDNAcontrol region. Primers

used were KRAdLp 1.5t-pro modified from Pichler et al. (2001) plus an added 5' M13
tail (5'-TGTAAAACGACAGCCAGTACACCCAAAGCTGGAATTC-3^)and dLp5 (5"-

CCATCGWGATGTCTTATTTAAGRGGAA-3')(Pichler et al., 2001). PCRreactions

were 50|j.l volumes containing IX Reaction Buffer (Promega Corporation), 200|j,M of

each dNTP, 2.0mM MgCl^, 0.5 units Taq DNApolymerase (Promega Coiporation), and

0.2|.iM each primer. Cycle conditions were: 95 "C for 1 min, followed by 40 cycles of

94°C for 30 sec, 54 "C for 30 sec, and 72"C for 30 sec, followed by a final 12°C extension
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for 15 mill. PCRproducts were visualized on a 1.5% agarose gel containing ethidium

bromide and were cleaned prior to sequencing using Qiaquick PCRCleanup Kits (Qiagen

Corporation). Each PCRproduct was cycle-sequenced with both forward and reverse

primers on an ABl 3730 automated sequencer. The forward and reverse sequences were

aligned for each individual using Sequencher v.4.2 (Genecodes Corporation). Removal

of primer sequences and ambiguous sequence resulted in a 429-base-pair consensus

fragment. The resulting consensus sequences were aligned for all individuals using

Sequencher v.4.2.

The computer program Arlequin v.2.000 (Schneider et al., 2000) was used to

calculate standard variance components including haplotype and nucleotide diversities

Table 1 . Numbers of genetic samples collected at different locations in different years

and standard measures of genetic diversity of Hawaiian spinner dolphins at different

locations within the Hawaiian Archipelago. The Big Island of Hawai'i is referred to as

"Big Island."

Location 1997 2000 2001 2002 2003 2004 Total

Sample

Size

Nucleotide

Diversity

(n)

Haplotype

Diversity

(h)

Kure Atoll

Midway Atoll 47

Pearl & Hernies

French Frigate

Ni'ihau

O'ahu 23

Maui/Lana'i 1

Big Island 17

34 34 0.0025 0.3993

10 57 0.0019 0.4023

21 21 0.0017 0.1810

1 14 15 0.0072 0.5333

28 11 39 0.0065 0.6802

6 10 8 47 0.0037 0.5402

9 50 60 0.0042 0.4729

3 57 77 0.0082 0.7163

(Nei, 1987). Haplotype diversity is calculated without taking into account the genetic

distance between haplotypes, whereas nucleotide diversity does take genetic distance into

account.

Arlequin was used to test for the presence of reproductively isolated subgroups

at different Hawaiian islands and atolls using Analysis of Molecular Variance (AMOVA)
(Excoffier et al., 1992), treating each island or atoll as an a priori-defined group. The

Tamura and Nei model (Tamura and Nei, 1993) was found to be the best-fit model

available using Modeltest v3.6 (Posada and Crandall, 1998), and this model was used

to estimate genetic distances. The statistics F^^ and O^.^ were used to evaluate the level

of reproductive isolation among groups; these values range from to 1 and represent
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measures of the amount of genetic variation within groups versus among groups. A value

of indicates no genetic structure among groups, a value of I indicates that groups are

completely reproductively isolated, and values between and 1 indicate intermediate

levels of isolation (Wright, 1951). The significance of F^j and O^^ was evaluated

using 100,000 random permutations. In addition, exact tests of population subdivision

(Raymond and Rousset, 1995) were carried out with Arlequin, using 100,000 steps of a

Markov chain to test for the presence of genetic structure.

RESULTS

Nucleotide and haplotype diversities for the spinner dolphin varied across

the Hawaiian Archipelago (Table 1, Fig. 2). Two peaks in nucleotide diversity were

observed: one at the Big Island of Hawai'i (hereafter referred to as "Big Island") and

one at French Frigate Shoals. Whereas the peak in nucleotide diversity at the Big Island

was due to a large percentage of individuals having unique or divergent haplotypes, the

peak in nucleotide diversity at French Frigate Shoals was due to two individuals (out of

a sample size of 15) that had a unique haplotype sequence which was highly divergent

from any other sequence in the Archipelago. With the exception of French Frigate Shoals,

nucleotide diversities at the Northwestern Hawaiian Islands were lower than at the Main

Hawaiian Islands.
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Figure 2. Nucleotide diversities at the mitochondrial DNAcontrol region of spinner dolphins at locations

across the Hawaiian Archipelago. The Big Island of Hawaii is referred to as "Big Island."
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Three tests (AMOVApairwise O^,
^

using genetic distance, AMOVApairwise

Fg^ using conventional F-statistics, and exact test of population subdivision) were used

to test for the presence of reproductively isolated subgroups. With few exceptions,

dolphins at every island were found to be significantly genetically differentiated from

dolphins at every other island for one or more tests of population subdivision (F^^ or O^^

> 0.02, p < 0.05). Exceptions included dolphins at Kure Atoll, Midway Atoll, and Pearl

& Hermes Reef, which together seemed to form one interbreeding group, distinct from

the rest of the Archipelago. Dolphins at O'ahu were also an exception in that they were

not differentiated significantly from dolphins at Kure Atoll, Midway Atoll, or Pearl and

Hennes Reef

DISCUSSION

High genetic diversity at a neutral genetic locus can generally be attributed to: 1)

large population size; and/or 2) intermixing of populations from more than one source.

In this study, two peaks in genetic diversity of Hawaiian spinner dolphins were observed:

one at the Big Island and one at French Frigate Shoals. The peak in genetic diversity

at the Big Island is likely explained by population size, estimated at roughly 1,000-

2,000 or more individuals (Norris et al., 1994; Ostman, 1994). Although no population

size estimates are available at any of the other islands, the population size at the Big

Island is likely larger than populations at the other Main Hawaiian Islands because a

greater amount of daytime resting habitat is available at the Big Island compared to the

other Main Islands (availability of resting habitat is thought to have strong influence

on population size in Hawaiian spinner dolphins; Norris et al., 1994; Karczmarski

et al., 2005). Population sizes at Midway and Kure Atolls, estimated at 260 and 1 10

respectively (L. Karczmarski and S.H. Rickards, unpublished data), are likely much

smaller than at any of the Main Hawaiian Islands. However, the extent to which these

populations at Midway and Kure are reproductively closed is unknown. As would be

expected from small populations, low genetic diversity was found at Midway and Kure

Atolls, indicating that the populations at these atolls are not connected to the Main

Hawaiian Islands (or any other potential unknown offshore populations) by ongoing gene

flow. Population sizes at Pearl & Hermes and French Frigate Shoals are unknown, but

have been observed to be greater than 300 individuals at each location (L. Karczmarski

and K.R. Andrews, unpublished data).

Because neither population size nor movement patterns at French Frigate Shoals

is known, we are unable to determine whether the high genetic diversity at this location

is due to large population size or intennixing of populations. However, increased genetic

diversity at French Frigate Shoals is attributed to a highly divergent haplotype in 2 out

of a total of 15 individuals, making diversity due to a large population size unlikely.

Instead, this pattern suggests that the high genetic diversity is likely a result of migration

from another source. The divergent haplotype at French Frigate Shoals was unique

among haplotypes in the Hawaiian Archipelago, further supporting the hypothesis of

possible migration from outside of the Hawaiian Islands.
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The genetic structure found within the Hawaiian spinner dolphin only partially

matched the general expectations derived from the limited data available on movements.

Whereas the distribution and movement data suggested that the dolphins at the Main

Hawaiian Islands were a genetically homogeneous population with considerable levels

of exchange (successful interbreeding) between islands, the genetic data reported here

do not support that prediction. Rather, the data indicate that limited exchange occurs

between dolphins associated with each Main Hawaiian Island. Our findings for the

Northwestern Hawaiian Islands, however, did follow the initial expectations. Spinner

dolphins at French Frigate Shoals were found to have limited exchange with dolphins

from other islands, and dolphins at Midway Atoll, Kure Atoll, and Pearl & Henries Reef

were found to form one genetically homogeneous population that was distinct from the

rest of the Archipelago.

The data indicate greater exchange rates between the three most western atolls

than between the Main Islands, despite the fact that geographic distances separating these

three atolls are greater than are most of the distances separating the Main Islands. These

differences in exchange rates probably relate to differences between the Main Islands

and the northwestern atolls in factors including population sizes and social structure

(for details see Karczmarski et al., 2005), and oceanographic and physiographic features

such as remoteness of habitat and availability of suitable resting sites (Karczmarski et

al., 2005). These higher exchange rates may be an expression of intrinsic mechanisms

related to inbreeding avoidance and preservation of genetic fitness of insular, small

populations, although more research is needed to test this hypothesis.

More research is currently underway, including the collection of more tissue

samples and more detailed analyses of additional genetic loci, specifically including

microsatellites. These additional data will further elucidate the patterns of genetic

diversity throughout the Hawaiian Archipelago for the spinner dolphin, and will provide

valuable information for the determination of stock structure and vulnerability for

effective conservation and management planning.

ACKNOWLEDGEMENTS

Wethank Brian Bowen, E. Gordon Grau, Malia Rivera, April Harlin, Malia

Chow, Larry Riley, and Sarah Daley for assistance with genetics laboratory work and

analysis. Wethank three anonymous reviewers for useful comments. Wethank the

following people and organizations for assistance and/or support in sample collection:

Bud Antonelis, Robin Baird, Jason Baker, Jay Barlow, Todd Buczyna, Susanne Canja,

Bruce Casler, Susan Chivers, Lisa Davis, Mark Deakos, Vinnie DePaolo, Sonok and

Gerry Deutscher, Ania Driscoll-Lind, Chris Eggleston, Cari Eggleston, Beth Flint,

Annie Gorgone, Nancy Hoffman, Stuart Ibsen, Patti and Bruce Jones, Noriko Kimura,

Randall Kosaki, Marc Lammers, Keith Larson, Amarisa Marie, Darlene Moegerle,

Charles Moore, Rodrigo Moraga, Don Moses, Jan Ostman-Lind, Robert Pitman, Maria

Jose Perez, Dick and Bonnie Robbins, Jim Roser, Robin Roser, Tony Sarabia, Rob

Shallenberger, Dave Smith, Robert Smith, Russel Sparks, Naomi Sugimura, Barbara



72

Taylor, Kristen Taylor, Jeff Walters, Daniel Webster, Alex Wegmann, Birgit Winning,

BemdWiirsig, Chad Yoshinaga, Hawaii Department of Land and Natural Resources,

Division of Forestry & Wildlife and Division of Aquatic Resources, U.S. Fish & Wildlife

Service, Northwestern Hawaiian Islands Coral Reef Ecosystem Reserve, Hawaiian

Islands Humpback Whale National Marine Sanctuaiy, NMFSSouthwest Fisheries

Science Center, Ko Olina Marina, and Texas Institute of Oceanography. Wethank

David Croswell for designing the map in Figure 1 . Several organizations supported the

first and/or second author with funding. These include: National Science Foundation

Graduate Research Fellowship Program; National Geographic Society; Pacific Marine

Life Foundation; National Fish and Wildlife Foundation; Anonymous Foundation;

Jessie Kay Fellowship; University of Hawai'i Sea Grant College Program; University of

Hawai'i Ecology, Evolution and Conservation Biology Program; Algalita Foundation;

Sea Vision Foundation; American Museumof Natural History; Watson T. Yoshimoto

Foundation; Animal Behavior Society Cetacean Behavior and Conservation Award; and

Project AWAREFoundation. Research at Midway Atoll was partially sponsored by

Oceanic Society. This is contribution #1200 from the Hawaii Institute of Marine Biology.

LITERATURECITED

Barlow, J., S. Rankin, E. Zele, and J. Appier

2004. Marine mammal data collected during the Hawaiian Islands Cetacean

Ecosystem Assessment Survey (HICEAS) conducted aboard the NOAAships

McArthur and David Starr Jordan, July-December 2002. NOAA-Technical

Memorandum-NMFS-SWFSC-362. 39p.

Dizon, A.E., S.J. Chivers, and W.F. Perrin (eds.)

1997. Molecular Genetics of Marine Mammals. Society for Marine Mammalogy,

Lawrence, KS.

Dizon, A., C. Lockyer, W.F. Perrin, D.P. Demaster, and J. Sisson

1992. Rethinking the stock concept: a phylogeographic approach. Conservation

Biology 6{l):24-36.

Excoffier, L., RE. Smouse, and J.M. Quattro

1992. Analysis of molecular variance infen^ed from metric distances among DNA
haplotypes: Application to human mitochondrial DNArestriction data. Genetics

131:479-491.

Galver, L.

2000. The molecular ecology of spinner dolphins, Stenella longirostris: genetic

diversity and population structure. Ph.D. dissertation. University of California,

San Diego, 192pp.

Harlin, A.D., B. Wursig, C.S. Baker, and T.M. Markowitz

1999. Skin swabbing for genetic analysis: Application to dusky dolphins

{Lagenorhynchiis obscurus). Marine MammalScience 15:409-425.

Karczmarski, L., B. Wursig, G. Gailey, K.W. Larson, and C. Vanderlip

2005. Spinner dolphins in a remote Hawaiian atoll: social grouping and population

structure. Behavioral Ecology 16:000-000 (In press).



73

Kriitzen, M., L.M. Barre, L.M. MoUer, M.R. Heithaus, C. Simms. and W.B. Shcrwin

2002. A biopsy system for small cetaceans: darting success and wound healing in

Tursiops spp. Marine MammalScience 18(4):863-878.

Mobley, Jr., J.R., S.S. Spitz, K.A. Forney, R.A. Grotefendt, and RH. Forestell

2000. Distribution and abundance of odontocete species in Hawaiian waters:

Preliminary results of 1993-98 aerial surveys. Report to Southwest Fisheries

Science Center. Administrative Report LJ-00-14C. 26 pp.

Nei, M.

1987. Molecular Evolutionary Genetics. NewYork, NewYork: Columbia University

Press.

Norris, K.S., B. Wursig, R.S. Wells, M. Wursig, S.M. Brownlee, CM. Johnson, and J.

Solow

1994. The Hawaiian Spinner Dolphin. University of California Press, Berkeley, Los

Angeles, London.

Ostman, J.S.O.

1994. Social organization and social behavior of Hawaiian spinner dolphins (Stenella

longirostris). Ph.D. dissertation. University of California, Santa Cruz, 1 14 pp.

Perrin, W.F.

1998. Stenella longirostris. Mammalian Species 599:1-7.

Pichler, F.B., D. Robineau, R.N.R Goodall, M.A. Meyer, C. Olivarria, and C.S. Baker

2001. Origin and radiation of Southern Hemisphere coastal dolphins (genus

Cephalorhynchus). Molecular Ecology 10:2215-2223.

Posada, D., and K.A. Crandall

1998. Modeltest: testing the model of DNAsubstitution. Bioinformatics 14(9):817-

818.

Raymond, M., and F. Rousset

1995. An exact test for population differentiation. Evolution 49: 1280-1283.

Schneider, S., D. Roesslie, and L. Excoffier

2000. ARLEQUfN. A software for population genetic data analysis, Ver. 2.00.

University of Geneva.

Tamura, K., and M. Nei

1993. Estimation of the number of nucleotide substitutions in the control region

of mitochondrial DNAin humans and chimpanzees. Molecular Biology and

Evolution 10:512-526.

Wade, PR., and R. Angliss

1997. Guidelines for assessing marine mammal stocks: report of the GAMMS
Workshop, April 3-5, 1996, Seattle, WA.

Wright, S.

1951. The genetic structure of populations. Annual Eugenics 15:323-354.


